Explicit solvent molecular dynamics (MD) simulation was carried out for the antimicrobial peptides (i) Cecropin P1 and C-terminus cysteine modified Cecropin P1 (Cecropin P1 C) in solution, (ii) Cecropin P1 and Cecropin P1 C adsorbed onto coesite −Si − O − and Si − O − H surfaces, and (iii) Cecropin P1 C tethered to coesite −Si − O − surface with either (PEO) 3 or (PEO) 6 linker. Low energy structures for Cecropin P1 and Cecropin P1 C in solution consists of two regions of high α helix probability with a sharp bend, consistent with the available structures of other antimicrobial peptides. The structure of Cecropin P1 C at low ionic strength of 0.02 M exhibits two regions of high α helix probability (residues AKKLEN and EGI) whereas at higher ionic strength of 0.12 M, the molecule was more compact and had three regions of higher α helix probability (residues TAKKLENSA, ISE, and AIQG) with an increase in α helical content from 15.6% to 18.7% as a result of shielding of electrostatic interactions. In the presence of Cecropin P1 C in the vicinity of −Si − O − surface, there is a shift in the location of two peaks in H − O − H density profile to larger distances (2.95 Å and 7.38 Å compared to 2.82 Å and 4.88 Å in the absence of peptide) with attenuated peak intensity. This attenuation is found to be more pronounced for the first peak. H-bond density profile in the vicinity of −Si − O − surface exhibited a single peak in the presence of Cecropin P1 C (at 2.9 Å) which was only slightly different from the profile in the absence of polypeptide (2.82 Å) thus indicating that Cecropin P1 C is not able to break the H-bond formed by the silica surface. The α helix probability for different residues of adsorbed Cecropin P1 C on −Si − O − surface is not significantly different from that of Cecropin P1 C in solution at low ionic strength of 0.02 M whereas there is a decrease in the probability in the second (residues ISE) and third (residues AIQG) α helical regions at higher ionic strength of 0.12 M. Though the total α helical content of adsorbed and tethered Cecropin P1 C was lower for hydrophilic Si − O − H surface compared to hydrophobic −Si − O −, hydrophobicity of the surface did not significantly affect the α helix probability of different residues. The conformation of Cecropin P1 C in solution is closer to that of tethered to −Si − O − with (PEO) 6 than that tethered with (PEO) 3 as a result of less surface interaction of tethered polypeptide with a longer linker. At low ionic strength of 0.02 M, tethered Cecropin P1 C to −Si − O − is found to exhibit lower α helix (13.0%) compared to adsorbed (15.6%) for (PEO) 3 linker with this difference being insignificant for larger (PEO) 6 linker molecule. Experimental values of % α helix inferred from circular dichroism spectra of Cecropin P1 in solution as well as in adsorbed state on silica surface compared well with the corresponding values obtained from MD simulation thereby validating the simulation procedure.
I. INTRODUCTION
Antimicrobial peptides (AMP) are a vast group of molecules active against bacteria, enveloped viruses, protozoa, and fungi. Gene-encoded and ribosome-synthesized, AMPs share some common features, such as usually being cationic and amphipathic, but are otherwise highly diversified from the structural point of view. AMPs are generally considered to kill their microbial targets through insertion and damage/permeabilization of the cytoplasmic membranes of target a) Author to whom correspondence should be addressed. Electronic mail:
narsimha@purdue.edu. Telephone: (765) 494-1199. cells. 1 However, recent observations suggest that a number of defense peptides may also interact with intracellular targets such as DNA and RNA, presumably interfering with their metabolic functions and thus leading to cell death. They can alter cytoplasmic membrane septum formation (e.g., PR-39, indolicidin, and microcin 25), inhibit cell wall synthesis (e.g., mersacidin), inhibit nucleic acid and protein, or inhibit enzymatic activity. Following their initial discovery in insects and amphibians, hundreds of AMPs have subsequently been identified and isolated from both prokaryotes and eukaryotes, either invertebrates or vertebrates, including humans.
It is of interest to immobilize AMPs and their mimics onto surfaces to create barrier materials that will protect against microbial and viral attacks. The mode of action of many antibacterial peptides is the disruption of the lipidic plasma membrane. Since most antimicrobial peptides have a net positive charge, they bind to the negatively charged phospholipids which constitute the main component of the bacterial cytoplasmic membrane 2, 3 and permeabilize the membrane. The conformation of some of these cationic peptides exhibits a hinge or "kink" in the middle. [2] [3] [4] Many of these peptides may have disordered structures in aqueous medium. For example, circular dichroism (CD) spectrum of LL-37 in water is consistent with a disordered structure. 5 However, in 15 mM HCO 3 − , SO 4 2− , or CF 3 CO 2 − , the CD spectrum shows that the molecule adopts a helical structure. It is also observed that significant amount of α-helix [4] [5] [6] is exhibited in the presence of a non polar medium such as trifluoroethanol, hexafluoro-2-proponol, or other amphiphilic systems such as sodium dodecyl sulphate (SDS) micelles, phospholipid vesicles and liposomes, or lipid A. The change in free energy of AMP from solution conformation to α helical conformation within the lipid bilayer will determine the equilibrium constant for its penetration into the bilayer. As a result, the ease of penetration of AMP within the bilayer (antimicrobial activity) will be enhanced if the solution conformation is closer to α helical conformation (more α helical content). Therefore, higher α helical content of AMP is found to result in stronger antimicrobial activity against both Gram-positive and Gram-negative bacteria. 7 It is therefore important for the AMP and its mimics to maintain their secondary structure upon immobilization in order to retain their antimicrobial activity. Consequently, it is necessary to understand the effect of peptide-surface interactions on the secondary conformation of the peptides.
Cecropin P1 is an antimicrobial peptide that is produced by insects or isolated from small intestine of pig. It has 31 amino acid residues (SWLSTAKKLENSAKKRLSEGIA-IAIQGGPR) and is rich in lysine. 8 It kills bacteria by making their cell membranes leaky. 9 It does not damage mammalian cells and is therefore not hazardous. It forms an α helix chain when penetrating the cell membrane. 10 It has been shown that chemically immobilized Cecropin P1 on polymer surfaces adopts a more ordered structure than physically adsorbed polypeptide. 11 CD spectra and two-dimensional 1 H NMR of Cecropin P1 in 30% by volume hexaflouro-2-proponol indicated α helical regions consisting of seven turns along nearly the full length of the peptide. 6 Immobilized C-terminus cysteine modified Cecropin P1 (Cecropin P1 C) on gold surface via cysteine residue was found to exhibit α-helical conformation with a random orientation as inferred by reflectionabsorption infrared spectroscopy, surface plasmon resonance, and x-ray photoelectron spectroscopy. 12 Molecular dynamics (MD) allows the study of the conformational changes of biomolecules when they are in solution and when they are immobilized on surfaces. The detailed information on protein/polypeptide conformation obtained by molecular dynamics simulation will complement and extend the information available from experiments to more fully map the conformational changes. Furthermore, MD can be readily applied to elucidate kinetic pathways for conformational changes. Such an information cannot be easily obtained from experiments because of limitations in obtaining large enough samples required. 13 In addition, MD simulation also provides links between structure and dynamics by enabling the exploration of the conformational energy landscape accessible to protein/polypeptide molecules. [14] [15] [16] The simulation results provide fundamental information on the potential energy (or the adsorption potential) of the biomolecule on the surface, root mean square deviation (RMSD) and end-to-end distance, and the equilibrium structure of the lowest energy. One may anticipate that the fundamental molecular level information generated by MD simulations can be correlated to the effectiveness of antimicrobial peptides in achieving microbial membrane destabilization.
Silica surface forms hydrogen bond when exposed to water with the surface solvent hydrogen bonding being stronger than solvent-solvent hydrogen bonding for hydroxylated silica surface and the structural perturbation of solvent occurring for a distance less than 10 Å from the surface. 17 Molecular dynamics simulation using Lennard-Jones potential for water showed peaks in O 2 and H 2 density profiles near the surface with a strong correlation between adsorption energy and the height of the first peak of the water density profile. 18 There was less structure of water for more hydrophobic surface 19, 20 and at higher temperatures. 21 MD simulations have been performed for amorphous silica consisting of different proportions of hydrophilic silanol and hydrophobic siloxane groups to demonstrate the dependence of wettability and contact angle on its composition. 22 Structural properties of hydration shells around polypeptides of different conformations as evaluated by molecular dynamics simulation indicates that an increasing ordering of water molecules within the hydration shell implies an increasing stability of that conformation. 23 Calorific measurements of heats of adsorption onto silica surfaces indicated secondary changes in bovine serum albumin (BSA), a soft protein, upon adsorption leading to secondary adsorption whereas such changes were not observed for a less flexible protein such as lysozyme. 24 Interestingly, the structural changes of unfolded cytochrome c in the presence of wet silica gel as monitored by circular dichroism and fluorescence spectroscopy indicated that the protein refolded to its native conformation in the presence of silica with the same folding pathway as that in solution though the time scale of refolding process is slowed considerably in the presence of silica. 25 Infrared spectra of adsorbed BSA on silica surface indicate absence of bonds of stretching vibrations of OH groups thus suggesting the involvement of surface OH groups of silica in hydrogen bonding with adsorbed protein molecule. 26 It is also suggested that only a small part of the protein molecule is involved in the specific interaction with silica hydroxyl groups. 26 Molecular dynamics simulation of helical polypeptide amphiphile in water vs at a water/oil interface vs at a water/flat solid interface 27 showed that peptide lost α helical content against the flat surface. Other studies 28 on adsorption of peptide indicated critical conformational changes and refolding at a curved surface and showed a strong dependence of the shape of the surface on conformation. 29 Recent MD study analyzed possible β sheet like stacking of a reversible cyclic peptide interacting with a carbon nanotube as a result of peptide backbone hydrogen bonding. 30 Therefore, there seems to be a complex interplay between peptide sequence, conformation, and surface binding.
It is of interest to immobilize Cecropin P1 on surfaces either through adsorption or linkage via cysteine residue of modified C-terminus (Cecropin P1 C) in various applications. Since it has been observed that α helical conformation of the polypeptide enhanced acyl chain disruption of cell membranes, the antimicrobial activity of immobilized Cecropin P1 C is influenced by its secondary structure. It is, therefore, important to understand the effect of surface interactions (adsorption or linkage) on the secondary conformation of Cecropin P1.
In this paper, we present the results of secondary and tertiary conformations of Cecropin P1 and Cecropin P1 C using MD simulation. The effects of ionic strength on the conformation of Cecropin P1 C in solution are presented. More importantly, the effects of interaction of Cecropin P1 C with silica surface on its conformation is investigated when the polypeptide is physically adsorbed on silica as well as when it is chemically tethered to silica surface with a linker. Therefore, it is appropriate to compare the secondary conformation of immobilized Cecropin P1 C on silica surface with that of Cecropin P1 C in solution which should explain any differences in antimicrobial activity between the two cases. The secondary conformation of Cecropin P1 in solution as well as in adsorbed state on silica surface inferred from CD spectra is compared with MD simulation.
II. MATERIALS AND METHODS

A. Materials
Cecropin P1 (MW = 3338.9 g/mol, Bachem Inc.), mono and disodium phosphate (sigma aldrich), and silica nanoparticles (10 nm, AkzoNobel Inc.) were used for CD experiments.
B. All atom molecular dynamics simulation
All explicit solvent MD simulations were carried out using the AMBER 31 molecular dynamics program, using multiple time step integration, isobaric-isothermic (NPT) ensembles and periodic boundary conditions. Minimization of the structure to remove bad contacts and steric hindrances was necessary before starting molecular dynamics calculations. Careful minimization before slowly heating the system to 300 K was preformed: first, the configurational energy of the system was minimized by performing 2000 steps of a steepest descent algorithm followed by 3000 steps of a conjugate gradient algorithm. 32 The water box, then, was relaxed prior to running production MD to reach the target temperature (300 K). Molecular dynamics simulation in the NVT ensemble was carried out until the target temperature of 300 K was reached. Subsequent simulation was run at 300 K up to 10 ns with a time step of 1 fs and with the nonbond cutoff distance of 12 Å using NPT method. Periodic boundary simulations based on the particle mesh Ewald method was carried out using NPT method. The initial structures of Cecropin P1 and Cecropin P1 C were linear and built by the Leap module of AMBER version 10.0. All the force field parameters were built from the AMBER standard force library. All the calculations were carried out at pH 7. The charges of the amino acid sidechains at pH 7 were calculated by AMBER. The AMBER ff99 force field 33 was employed for all the amino acids.
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C. Topology and parameter of simulation system 1. Cecropin P1 and Cecropin P1 C in solution
The structure of Cecropin P1 (31 amino acids: SWL-SKTAKKLENSAKKRISEGIAIAIQGGPR) and Cecropin P1 C (32 amino acids: SWLSKTAKKLENSAKKRISEGIA-IAIQGGPRC) were built by the Leap module of AMBER version 10. No NMR structure of Cecropin P1 and Cecropin P1 C are found in the protein data bank.
Silica surface
In order to investigate the effect of hydrophobicity of silica surface on Cecropin P1 (P1 C) interactions, two different types of model silica surfaces were considered. The first surface is hydrophobic and consists of siloxane (−Si − O −) groups. The second surface is hydrophilic and consists of silanol (−Si − OH) groups. It is to be noted that silica surface will consist of a combination of these groups depending on the contact angle of the surface. 22 The basic crystal structure of silica for both these types of surfaces is the same except for groups attached Si atoms belonging to surface layer.
The silica structure that is chosen for the current study is coesite since its crystal structure is well defined and centrosymmetric. 35 Coesite is a framework silicate in which each silicon atom is bonded to four oxygen atoms forming a silicate tetrahedron, and each oxygen atom is bonded to two silicon atoms forming a Si − O − Si disiloxy group. The silicate tetrahedral in the cell form two kinds of four-membered rings. One contains two of each of the O 3 3695 Å, and c = 7.1742 Å. The structure of the repeat units in the system can be obtained by the following steps: for x direction, add a value (7.1367 Å) to every x position of the atoms in the first unit to get the new x positions of the second unit, and add 2a value for the 3rd unit and so on, until adding (n−1)a value for the nth unit. Thus the total system in x direction is na (n*7.1364 Å). y and z positions do not change for molecules in the same plane. The next layer on y and z direction of the system were built following the same procedure, and addition of molecules in one direction does not affect the other two directions. All of the silicon atoms that are part of an incomplete tetrahedron were removed. −Si − O structure for the simulation is shown in Fig. 1 , which includes 35 units: every 7 units repeat in x direction (total of 49.9 Å in length), 5 units repeat in y direction (total of 61.8 Å in length), and 1 units repeat in z direction (total of 7.17 Å in length). The generation of basic crystal structure of coesite is the same as described above for −Si − OH structure. After unit cell is generated, all of the silicon atoms that are part of an incomplete tetrahedron were removed and the nonbridging oxygen atoms (bonded to only one silicon atom; see Fig. 1 ) were saturated with hydrogen atoms. The hydrogen atoms were positioned 1.5 Å perpendicular to the oxygen atoms. 37 The final structure is modified by Leap program to build up the right format for AMBER simulation. The force field parameters for silica surface can be found elsewhere. In the simulation studies, Cecropin P1 (or Cecropin P1 C) whose structure corresponded to the lowest energy in solution (denoted as native structure) was positioned parallel to the silica surface. In case of Cecropin P1, the center of mass was located at a distance of 20 Å from the silica surface. In case of Cecropin P1 C, the center of mass was located at three different distances: (I) 10 Å, (II) 15 Å, and (III) 20 Å from the surface.
System I: the system contained 7120 water molecules in a 53.0 × 79.0 × 80.0 Å box, and the mass center of the initial native structure of Cecropin P1 C (from simulation results in solution) was initially placed 10 Å above the planar interface. The reference point at the silica surface is taken as the geometric center of O 2 atom at the outermost layer of silica surface. The system was simulated for 30 ns. System II: the system contained 7620 water molecules in a 53.0 × 79.0 × 85.0 Å box, and the mass center of the initial native structure of Cecropin P1 C (from simulation results in solution) was initially placed 15 Å above the planar interface. The system was simulated for 30 ns. System III: the system contained 8120 water molecules in a 53.0 × 79.0 × 90.0 Å box, and the mass center of the initial native structure of either Cecropin P1 or Cecropin P1 C (from simulation results in solution) was initially placed 20 Å above the planar interface. The system was simulated for 30 ns in all three cases.
Five Cl − ions were added at positions of high positive electric potential around the polylysine molecule in order to neutralize it. For high ionic strength, more salt ions (Na + and Cl − ) at a concentration of 150 mM were also added.
Cecropin P1 C linked to −Si − O − surface
A PEO linker with N-Hydroxysuccinimide(NHS) ester and maleimide ends was used to tether Cecropin P1 C to silica surface. The supplementary material 38 provides force field parameters for the PEO linker. Cecropin P1 C, tethered at the C terminal to linker, is covalently attached to oxygen atom of siloxane group of hydrophobic silica surface. In case of hydrophilic silica surface, the terminal H atom of silanol group is removed before attachment. NHS ester is attached to silica and C terminal of Cecropin P1 C is attached to maleimide residue of the linker as shown in Fig. 2 .
In the simulation studies, Cecropin P1 C that was positioned parallel to the silica surface was tethered via two different lengths of PEO linker: (i) (PEO) 3 and (ii) (PEO) 6 . System I: The system contained 6520 water molecules in a 53.0 × 79.0 × 73.0 Å box, and the mass center of the initial native structure of Cecropin P1 C (from simulation results in solution) was initially 10 Å above the planar interface. System II: The system contained 7520 water molecules in a 53.0 × 79.0 × 73.0 Å box, and the mass center of the initial native structure of Cecropin P1 C (from simulation results in solution) was initially 15 Å above the planar interface. Five Cl − were added at positions of high positive electric potential around the polylysine molecule in order to neutralize it. For high ionic strength, more salt ions (Na + and Cl − ) at a concentration of 150 mM were also added. Other conditions are same as those for polypeptide adsorbed on the surface.
D. Analysis methods
α-helix analysis
The α-helix of Cecropin P1 C was analyzed for each system to characterize the peptide conformation. The α-helix content (either 0 or 1) of the peptide was calculated based on the Lifson-Roig model, 39, 40 where residue i is treated as α-helix only if its dihedral angle pair (ϕ i , ψ i ) and those of the two adjacent residues ((ϕ i−1 , ψ i−1 ) and (ϕ i+1 , ψ i+1 )) lie in the region (−65
• , −35
• ) and the distance between two adjacent residues C α is around 1.5 Å. The probability of a residue to form α helix is calculated as the average value of α helix content (either 0 or 1) of all states at sufficiently long times of simulation. For Cecropin P1 C, which has 32 residues with N-terminus acetylation and C-terminus amidation, the maximum number of residues that can be marked as α-helix is 30.
Hydrogen bond analysis
The peptide-water or water-silica surface interaction can be characterized by counting the number of hydrogen bonds (H-bonds) formed between water molecules and peptide side chains or water molecules with silica, respectively. A H-bond was defined as follows: for a hydrogen attached to a heteroatom A (such as H − O − Si), a H-bond is formed with another heteroatom B (O − H in water molecule) only if the distance between the two heteroatoms is smaller than 4 Å and the angle formed by atoms A, H, and B (A-H-B) is larger than 150
• .
Water density profile along the distance to surface
Molecule densities of water as a function of the distance z perpendicular to the surface was calculated based on the position of the mass center of the water molecule. Water density as well as hydrogen bond density as a function of distance from the silica surface were calculated based on the number of water molecules and number of hydrogen bonds in a volume element around a rectangular slab that is located at different distances from the surface; the slab area xy is taken as the surface area of silica (25 Å ×15 Å) that contains Cecropin P1 C molecule (see schematic in Fig. 3 ). The distance z from the silica surface was varied from 0 to 6 Å with the slice thickness δz of 0.5 Å for hydrogen bonds; for water density calculations, z was varied from 0 to 10 Å with a slice thickness δz of 1 Å. The reference point (z = 0) for the density profile is the center of oxygen in the outermost silica sur- face. Water density is expressed as number of water molecules per Å 3 .
Other analysis such as interaction energy, end-to-end distance, and radius of gyration
Interaction energy for adsorption is the change in the potential energy when Cecropin P1 or Cecropin P1 C in solution is brought in the vicinity of silica surface. It is, therefore, defined as the difference in the potential energy of the system consisting of Cecropin P1 C, water and silica from the sum of potential energies of (i) Cecropin P1 or Cecropin P1 C in solution and (ii) silica exposed to water. In case of tethered Cecropin P1 C, however, the interaction energy is the change in the potential energy when Cecropin P1 C with attached PEO linker (of appropriate length) in solution is brought to the silica surface and the other end of the linker is attached to the surface. Therefore, in this case, the interaction energy is defined as the difference in the potential energy of the system consisting of Cecropin P1 C attached to silica with PEO linker (of appropriate length) from the sum of potential energies of (i) Cecropin P1 C with PEO linker (of appropriate length) in solution and (ii) silica exposed to water.
End-to-end distance is defined as the distance between the nitrogen (N) atoms in backbone of C terminal and N terminal of Cecropin P1 C. Radius of gyration is calculated as the root mean square distance of all the backbone heavy atoms (except H 2 ) from the mass center of protein.
E. Experimental
The CD spectra were measured using a Jasco J-810 spectrometer (Jasco Spectroscopic Cp., Japan) using a quartz cell of 1 mm path length. The samples were recorded from 260 to 190 nm wavelengths and 4 scans each. The parameters of the measurement were resolution of 0.5 nm, sensitivity of 50 mdeg, 8 s response time, and 10 nm/min scan speed. CD spectra were analyzed using DICHROWEB, an online server 41 using the algorithm CONTINLL 42, 43 to calculate the α-helix content. The online server provides a goodness of fit parameter NRMSD equals to (θ exp − θ cal ) 2 / θ exp 2 , 44 where θ exp is the experimental ellipticity and θ cal is the estimated ellipticity. NRMSD parameter is a measure of the quality of the results, therefore a low NRMSD (<0.1) is necessary to provide a good match between the experimental and calculated spectra. Another method was also used for direct calculation of α-helix content by using the value at 222 nm with the equation % α-helix = [([θ 222 ] − 3000)/(−36000 −3000)]*100, where θ 222 is the mean residue ellipticity (deg cm 2 dmol −1 ) at 222 nm. CD spectra were measured for Cecropin P1 in phosphate buffer at pH 7, ionic strength 0.02M. To investigate the effect of adsorption on secondary conformation, spectra were also measured after allowing Cecropin P1 to adsorb onto silica nanoparticles of different concentrations (1.5%, 2.3%, 4.5%, and 6.5%).
III. RESULTS AND DISCUSSION
A. Molecular dynamics simulation of Cecropin P1 and Cecropin P1 C in solution
The lowest energy structures of Cecropin P1 and P1 C in solution of low ionic strength (0.02 M) after 40 ns of simulation using explicit solvent are compared in Fig. 4 . The lowest energy structures of both contain two main α helix stretches connected by a sharp turn forming a stable sandwich core. Since no NMR structure of Cecropin P1 and P1C are available in the literature, the comparison of the simulated structures with experiments could not be made. NMR structures of Cecropin B [PDB code: 2IGR] show two regions of α helix stretches, consistent with the simulation results. Comparison of the secondary conformations for Cecropin P1 and P1 C as shown in Table I indicates that P1 C is slightly more compact (smaller radius of gyration) and exhibits a slight increase in α helix. Figure 5 compares the probability of α helix for different residues for the lowest energy structures of Cecropin P1 and P1 C. As can be seen from Fig. 5 , Cecropin P1 contains two α helical regions corresponding to residues 6 to 13 (TAKKLENS) and residues 22 to 25(IAIA) whereas these two regions for P1 C occur at residues 7 to 12 (AKKLEN) and residues 20 to 22(GIA), respectively.
The lowest energy structure of Cecropin P1 C in solution after 40 ns of simulation using explicit solvent for ionic strengths of 0.02 and 0.12 M are compared in Fig. 6 . The structure at higher ionic strength is found to be more compact compared to that at lower ionic strength with a smaller radius of gyration and end to end distance (Table I ). The secondary conformations corresponding to lowest energy for the two cases are given in Table I . In addition, the probability of α helix for different residues for two ionic strengths are compared in Fig. 7 . The presence of salt seems to increase α helix content (Table I) . At lower ionic strength, there are two α helical regions (residues 7 to 12 (AKKLEN) and residues 20 to 22(GIA)) whereas at higher ionic strength Cecropin P1 C exhibits three α helix regions (residues 6 to 14 (TAKKLENSA), residues 18 to 20 (ISE) and residues 25 to 28 (AIQG)). This is believed to be due to more pronounced hydrophobic interactions at higher ionic strength as a result of shielding of electrostatic interactions. 
B. Molecular dynamics simulation of Cecropin P1 C and P1 absorbed on −Si − O − surface
Explicit solvent simulations have been performed with −Si − O − surface located in the middle of a box of dimensions that depend on the initial distance of Cecropin P1 C from the −Si − O − surface. The simulations were performed for NPT at 1 atm and 300 K. In order to investigate the conformation of Cecropin P1 and P1 C in the vicinity of −Si − O − surface, explicit solvent simulations were carried out in which the polypeptide was placed initially at native conformation. As pointed out in methods, the initial distance from the silica surface was 20 Å for P1 whereas this distance was varied for P1 C (three different distances). Simulation was carried out for 30 ns at which point the polypeptide was found to be located at around 5 Å from the −Si − O − surface with at least two layers of water molecules in between. This is referred to as adsorbed state of polypeptide. The conformations of Cecropin P1 C and P1 in the vicinity of −Si − O − for these cases are shown in Figs. 8(a)-8(d) . The secondary conformation is depicted in these figures using ribbon (for backbone) and cartoon (for secondary structure). In the interest of clarity of presentation, solvent molecules are not shown in these figures. As can be seen from these figures, Cecropin P1 C (in all   FIG. 7 . Comparison of α-helix probability for residues of Cecropin P1 C for low (0.02 M) and high (0.12 M) ionic strengths. the three cases) as well as Cecropin P1 exhibit two α helical regions (barrels) in the initial native as well as the final structures. However, the relative orientation of these two α helical regions are slightly different for all the cases.
The distance of various residues from the silica surface corresponding to the low energy state of Cecropin P1 C for the three cases are shown in Figs. 9(a)-9(c). These distances vary between 3 and 7.5 Å. Also, the residues that are closer to the −Si − O − surface overlap with the first α helical region (residues 4 to 10-see Fig. 11 Table II.   TABLE II . Location of the peaks of water, hydrogen bond, oxygen and hydrogen density profiles in the vicinity of -Si-O surfaces under different conditions.
Conditions
Water peak (Å) Hydrogen bond peak (Å) Oxygen peak (Å) Hydrogen peak (Å) % of O on surface that form H-bond In the absence of Cecropin P1 C these peaks occur at distances of 2.92 Å and 4.78 Å for O, 2.72 Å and 5.03 Å for H, and 2.82 Å and 4.88 Å for H − O − H, respectively. In the presence of Cecropin P1 C in the vicinity of −Si − O − surface, there is a shift in the location of both peaks to larger distances (see Table II ) with attenuated peak intensity. This attenuation is found to be more pronounced for the first peak. These results are consistent with the MD simulation results reported by Argyris et al. 45 for low density silica who also observed two distinct water layers in the vicinity of silica surface. Recent MD simulation study also indicated that the binding of a reversible cyclic peptide on a carbon nanotube resulted in exclusion of water in the vicinity of nanotube 30 with attenuated water density profile. The effect of initial distance from the surface on H − O − H density profile is not significant. Also, at a higher ionic strength of 0.12 M, the density profiles shift slightly towards the surface (Table II) . It is to be noted that some of the O atoms belonging to the silica surface form H-bond with water molecules during the simulation. Also, not all O atoms form H-bond. The percent of O atoms that tend to form H-bond with silica in the absence of Cecropin P1 C is found to be 9.9%. In general, this value will depend on the type of silica (density of O atoms on the surface).
The H-bond density profile of water as a function of distance from the −Si − O − surface is shown in Fig. 10(d) . Unlike the H − O − H density profile, H-bond density profile exhibits a single peak. The profile shifts slightly to a larger distance (2.82 Å to values in the range of 2.86 Å-2.94 Å depending on the initial distance from the silica surface) in the presence of Cecropin P1 C. The percent of H-bond with O atom is found to decrease in the presence of adsorbed Cecropin P1 C which is consistent with the smaller peak intensity for H-bond density profile (see Table II and Fig. 10(d) ). The H-bond density profile does not change significantly due to adsorption of Cecropin P1 C thus indicating that the polypeptide is not able to break the H-bond during adsorption. Figure 10 (e) compares the profiles of total H-bond with water in the presence (including H-bond with Cecropin P1 C) of adsorbed Cecropin P1 C with that in its absence. Understandably, the total number of H-bond is found to be higher in the presence of peptide; the peak height decreased slightly and the H-bond density extends upto around 8 Å (the maximum distance of residues from the surface, see Figs. 9(a)-9(c)). Chiu et al. 30 also observed that the total H-bond density in the vicinity of carbon nanotube was found to increase inspite of depletion of water due to the presence of reversible cyclic peptide. In addition, the total number of H-bonds Cecropin P1 C forms with water is found to be 150 compared to 142 in solution. Therefore, this increase in H-bonds may make the peptide less flexible in the presence of silica.
α helix probability for different residues are compared for Cecropin P1 C in solution with adsorbed polypeptide for low and high ionic strengths in Figs. 11(a) and 11(b) , respectively. At low ionic strength, the α helix probability decreases slightly for adsorbed polypeptide compared to that in solution; the difference for different initial distances of 10 and 15 Å are insignificant whereas the α helical content of the second region was much smaller for initial distance of 20 Å. For higher ionic strength, however, the decrease in α helix for adsorbed polypeptide is more pronounced especially in the region of residues 18 to 24 (ISEGIAI). The first α helical region (residues 6 to 14, TAKKLENSA) contains Ala, Gln, and Leu that have strong propensity to form α helix. Also, there is a loss of α helix in the second (residues 18-20; ISE) and third (residues 25-28; AIQG) α helical regions due to interaction with the surface only at high ionic strength which may suggest that hydration forces may play a role. Interestingly, at low ionic strength, Cecropin P1 C preserves its α helical conformation even in the vicinity of −Si − O − surface. This can be attributed to the presence of water layer between Cecropin P1 C and silica surface (see water density profile in Fig.  10(c) ) because of H-bonding. This result is consistent with experimental observations of Shibayama 25 which indicated that denatured Cytochrome C refolded to its native conformation in the presence of wet silica gel. In all three cases, the final distance between Cecropin P1 C and the surface is around 5 Å (Table I ). The interaction energy of Cecropin P1 C with silica at 27 ns of simulation for three different initial separation distances are compared in Table I . The three values are comparable and are around −30 kcal/mol. Table I gives the values of radius of gyration, end to end distance and interaction energy for different cases.
C. Molecular dynamics simulation of Cecropin P1 C tethered at the C terminal to polyethylene oxide linker that is bound to the −Si − O − surface It is of interest to immobilize Cecropin P1 C onto a surface by covalent bonding using a tether such as (PEO) 12 to (PEO) 14 . The tether should be long enough not to restrict the ability of Cecropin P1 C to penetrate the cell membrane. However, because of computational limitations, the simulations are performed only for (PEO) 3 and (PEO) 6 tethers. Native structure of Cecropin P1 C tethered at the C terminal to linker (PEO) 3 attached to maleimide residue of the linker. The linker is allowed to move freely during MD simulation. Figure 12 compares the conformation of Cecropin P1 C tethered to its C terminal and attached to silica surface, with linkers of two different lengths ((PEO) 3 6 linker C 21 H 41 O 9 N 2 , 18.92 Å in length). For both cases, the lowest energy conformation exhibit only one α helical region as opposed to two for Cecropin P1 C in solution. The distances of various residues from the silica surface for these two cases are given in Figs. 13(a) and 13(b) , respectively.
The distribution of distances of residues for linkers of different lengths is qualitatively similar though the distances of residues are larger for (PEO) 6 linker. For the shorter (PEO) 3 linker, the distances of all the residues (3 to 6.5 Å) are smaller than those for adsorbed. (3 to 7.5 Å). As a result, the interaction of these residues with silica surface is stronger. This can partly explain decrease in total α helical content for Cecropin P1 C tethered with (PEO) 3 . For the longer (PEO) 6 linker, the average distance from the surface is comparable to that for adsorbed (see Table I ). Interestingly, the overall α helix content for tethered Cecropin P1 C with (PEO) 6 linker is similar to that for adsorbed (Table I) Cecropin P1 and P1 C are found to be insensitive to the initial distance of separation (Table I) . However, the final distance as well as the interaction energy with −Si − O − surface of tethered Cecropin P1 C with (PEO) 3 linker are found to be lower than those for (PEO) 6 linker. Consequently, the interaction of polypeptide with the −Si − O − surface is more favorable at The oxygen and hydrogen density profiles in the vicinity of −Si − O − surface in the presence of tethered Cecropin P1 C are very similar to the corresponding profiles for adsorbed Cecropin P1 C and exhibit two peaks (Table II) . Figure 14(a) shows the comparison of water density profiles in the vicinity of silica surface with those in the presence of Cecropin P1 C tethered to −Si − O − surface with linker of different lengths ((PEO) 3 or (PEO) 6 ) under two different ionic strengths. Interestingly, the peak intensity is found to be the smallest for   FIG. 15 . Comparison of α-helix probability for different residues of Cecropin P1 C in solution, with Cecropin P1 C tethered to silica with linkers of different lengths. Ionic strength is 0.02 M unless specified otherwise.
(PEO) 3 linker with the position of the peak being farthest. For Cecropin P1 C tethered with a longer linker (PEO) 6 , however, the density profile is found to shift towards the −Si − O − surface compared to that for smaller linker. Such a behavior is believed to be due to increased flexibility of the molecule with a longer linker. Consistent with water density profile, the presence of tethered Cecropin P1 C in the vicinity of −Si − O − surface results in a considerable decrease in H-bond formation (see Fig. 14(b) ). This decrease is more pronounced for smaller linker (PEO) 3 . These results are consistent with the values of percent of O atoms that form H-bond (Table II) . Figure 14 (c) compares the profiles of total H-bond with water in the presence (including H-bond with Cecropin P1 C) of tethered Cecropin P1 C with that in its absence. The Hbond density profile in the presence of tethered Cecropin P1 C is found to be similar for two different linker lengths for distances above 3.5 Å though the peak intensity is found to be smaller for shorter linker.
The comparison of α helix distribution for Cecropin P1 C in solution with tethered polypeptide is shown in Fig. 15 at low and high ionic strengths. Significant decrease in α helical content was found for all the cases for residues 16 to 28. However, the decrease in α helical content was more pronounced for Cecropin P1 C tethered with (PEO) 3 (shorter tether length) for residues 4 to 14. This is due to more interaction with silica surface for shorter tether as a result of smaller distance of separation. As expected, the total α helix is slightly higher for more hydrophobic −Si − O − surface; however, the relative probabilities of α helix formation for all the residues are almost the same for both surfaces. The difference in α helix between the two surfaces is more pronounced for tethered Cecropin P1 C (Fig. 16(b) ). H-bond density profiles for the two surfaces (see Figs. 17(a) and 17(b) ) are very similar with the total H-bonds being slightly higher for more hydrophilic Si − O − H surface except for tethered case. This anomalous behavior can be attributed to the presence of hydrophobic polyethylene oxide linker near the silica surface. Interestingly, the interaction energy of Cecropin P1 C with the surface is more favorable (more negative) in case of Si − O − H and the distance of the polypeptide from the surface is lower (see Table III ).
E. Comparison of experimental secondary conformation of Cecropin P1 with MD simulation
The CD spectra of Cecropin P1 in buffer as well as in the presence of 1.5% and 6.5% SiO 2 are shown in Fig. 18 . The spectra for other silica concentrations of 2.3% and 4.5% were found to be almost identical to that for 1.5% and therefore not shown in the figure. The shapes of the three spectra are very similar indicating thereby that the secondary conformation of Cecropin P1 does not differ significantly upon adsorption onto silica nanoparticle. This is confirmed by the results of secondary conformation from the analysis of CD spectra as shown in Table IV . The results of secondary conformation from the first method (CONTINL) is not reported since the goodness of fit NRMSD was found to be greater than 0.2. Therefore, the overall % α helix reported in Table III is based on θ 222 value. As can be seen from Table III , there is negligible change in % α helix of Cecropin P1 upon adsorption at two different SiO 2 concentrations. The % helix obtained by MD simulation for Cecropin P1 in solution and in adsorbed state compare well with the experimental values. The simulation considered a single adsorbed Cecropin P1 on silica surface and, therefore, did not account for polypeptide-polypeptide interactions on the surface. The distance between adsorbed Cecropin P1 can be estimated for different silica concentrations under the assumption of adsorption of all polypeptide molecules on the surface. As expected, this distance is smaller at lower silica concentrations and var- FIG. 18 . CD spectra of CP1 at different conditions: buffer, 1.5% silica, 6.5% silica.
ied between 14.5 nm and 30.3 nm. Since this average distance is much larger than the diameter of Cecropin P1 (2 nm), the assumption of negligible peptide-peptide interaction on the silica surface is reasonable. The % α helix estimated from MD simulation agrees well with the experimental values (see Table IV ) thereby validating the MD simulation procedure. In contrast, Sipos et al. 6 reported six turns of α helix around the entire length of Cecropin P1 in a non-polar solvent 30 vol% hexafluoro-2-proponol thus demonstrating the importance of solvent interactions on the secondary structure. The effect of such non-polar solvent interactions on secondary conformation of Cecropin P1 using MD simulation is currently under investigation.
The secondary conformation of Cecropin P1 adsorbed (not linked) to silica surface with (PEO) 3 or (PEO) 6 linker molecules is not reported here. Because of steric hindrance of linker molecules, the distance of Cecropin P1 from the silica surface is expected to be higher than that for silica surface without linker. As a result, one would expect the effect of surface interaction to be less pronounced. Consequently, the conformation of Cecropin P1 is expected to be closer to that in solution.
IV. CONCLUSIONS
MD simulation of Cecropin P1 and Cecropin P1 C in solution showed an equilibrium structure consisting of two α helix regions with a sharp bend consistent with the available structures of other antimicrobial peptides. Low energy structures of Cecropin P1 and Cecropin P1 C in the vicinity of Si − O surface showed α helix probability of residues not very different from those in solution indicating thereby that the presence of silica surface did not induce significant conformational changes. This is believed to be due to the presence of at least two layers of water molecules between the polypeptide and silica surface as a result of the polypeptide not being able to break the H-bond of water with silica. Similar behavior was observed for Cecropin P1 C tethered to −Si − O − surface though there was a reduction in α helical content compared to adsorbed with this difference being more pronounced for a shorter linker molecule. This is understandably due to more surface interactions for the polypeptide with a shorter linker. Though the total α helical content of adsorbed and tethered Cecropin P1 C was lower for hydrophilic Si − O − H surface, the helix probability of different residues was found to be almost the same. These results seem to indicate that the ability of silica surface to form H-bond is able to protect against secondary conformational changes of Cecropin P1 C due to surface interactions. These results, therefore, have implications on the choice of surface to preserve the activity of immobilized antimicrobial peptides. Experimental values of % α helix inferred from CD spectra of Cecropin P1 in solution as well as in adsorbed state on silica surface compared well with the corresponding values obtained from MD simulation thereby validating the simulation procedure.
